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Abnracr - This paper dncrihes dcsign of B di@tal PID 
rcplator basecl on look-up tablcs for high frequency dc-dc 
switching c o n v c r l e ~  The use afthr look-up tabla instcad of 
multipliers cnables a small loti-power implementation and 
operation at high switching frcquencics. Design guid'eliocs are 
gkca for ibe resolofion and rim of entries in the look-up 
tabla. A dcsign cumplc rod experimental rciults arc 
prnented for a digital controller IC used to control i )  1 MHz, 
2.7 V. 3 W buckconrcrlcr. 

1. NTRODIJCTIOX 

Digital controllers can offer a number of advantages over 
analog controllers. including flexibility, lower scnsitivity, 
and progan~mability without cxtemal components [1-6]. 

Figure I shows a digitally controlled switching convener. 
It consists of an analog-todigital convener. a processing 
unit (reguuldtor) that itnplemciits a control law, and a digiti1 
pulse width modulator (DPWM). In order to acliievc 
dynamic characteristics comparable with analog PWM 
controllers. fast hplemcntation of a discrete-time control 
law is required. For cost-driven low-power, high-frequency 
applications. simplicity. small sizc and low power 
consumption are important. In order to implemcni a digilal 
controller for these applications, hardware optimization is 
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analog-to-digital converier have to satisfy are defined in [7. 
81. In this paper, we focus on minimum hardware 
requiremenrc for the computational unit that implements a 
discrete-time PID control law. 

In Section TI. the regulator structure is givcn and problems 
of conventional implementation based on multipliers arc 
addresxd. Design guidelines for selection ofthe resolution 
of the computational unit are given in Section 111. Section 
IV shows experimental results obtained with "I on-chip 
implemented, look-up table based regulator for a buck 
converter operating at I MHz switching frequency. 

11. REGULATOR STRUCTURE 

In the controller of Figure I ,  the sampled output voltage is 
compared lo a mference and their dilTercnce forms ao error 
sipal.  A regulator that implements a control law processes 
the error signal. The control law cnn be rcprcsented in  the 
followins form: 

where a n ]  and r[n] are the current ~alues of the duty ratio 
and the error signal, while +I] and e[n-i] are the values 
or the duty ratio and the error sigma1 i cycles hefore the 
current cycle. The coeflicientr a; and pi determine the 
regulator characteristics. 

It can be seen that implementation of the discrete-time 
control law (1) requires several multiplications and 
additions. Digital multipliers are relatively large or slow 
components. 
For a properly operatink feedback system, the difference 
between the measured output voltage and the reference is 
rrlalivel>, small. This opens the possibility of 
implementing the regulator using relalivel?. small look-up 
tables instead of multipliers [3]. 
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A block diagram o f  the look-up table based structure is 
shown in  Figure 2. The regulalor performs the following 
discrete-time PID control law [9]: 

d[n] = 4 n -  I] + u . ~ f n ] + h . e [ n -  I] + c.e[n-21 (2) 

Outputs ofihe look-up tables are pre-stored values of their 
inputs multiplied by the controller cocllicienls. The current 
and previous values of the error signal are used as addrers 
generators for thc tables. New value of the dut! ratio is 
fomied as a s u i  of its previous value and the values at the 
look up kbles' outputs. 
The PID coiilrol law given by Equatioti (2) results in zero 
steady-state error. Furthermore, there is no tiirther 
processing of thc previous value of the duty raiio. This is 
important because the duly ratio has large variations and 
the result of muliiplication by a controller coeflicient 
cannot be stored in a small look-up table. 

111. CONTROLLER DESIGN 

The size or the look-up rables and the number of bits 
needed for representation of the previous value of the duty 
ratio are discussed in chis section in relation to the desired 
dynamic and static characleristics, resolution of the 
DPWM, analog-redigital converter. and the converter 
configuration. 

Principles of conuollcr design are illustrated using the 
buck converter example of Figure 3. An ob.iective i s  to find 
the minimal simcture that can satis& desired dynamic and 
static voltage re_eulation characie~istics. Xeccssary 
conditions for the rcsolution of the MI converter and the 
DPWM to avoid undesired limit-cycle oscillations are 
analysed in 171. The minimum DPWM resolution for the 
buck converter is 

r 
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PiD 
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Fizure 3. Expcrimcnld gs'em: huck conrencrconlrolled by a 
dipilal cunvullcr imeprat& circuit with PID regulaor based on 

Imk-up tublcs. 

where: nF,.. i s  the number of bits of DPWM, VL, is the A/D 
quantization level, VE, is the reference voltage, and D is 
the minimum steady-state value of thc duty ratio. which 
corresponds to the maximum input voltage. The value 
giveii by Equation (3) is also the minimum number of bits 
required at the ircgulator output. For example. staning 
Itom the requirement For 1.5% voltage regulation at the 
nominal output voltage or 2.7 V, an analog-io-digiol 
converter with tht. quantization le\,el li, o r l o m v  and an 8- 
bit DPWM are needed. . i ~  

.A. PID Re&irar d&n 

The block diagram oFFigurc 1 shows Uie sysiem model. 
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Figure 4. Block &gam ofthe sampled-data system 
consisting of a PWM swirching con\'errer and a discrete- 

time digital controller. 

The system is divided into two parrs: continuous-lime and 
discretc-time. Thc continuous-time transfcr function G&) 
ilom dq to e,, can he found as: 

c m  = K.~iDh'uFUWG~~(sdoeXp(-Sru) (4) 

where: K.l.o is the gain of the AID con\'ener, I;N.;+M is the 
gain of the DPWM, G,ds) is the conml-tooutpul transfer 
function of the averaged model of the convener I IO], and 
TI, is a processing delay. For the considered experimental 
example, these values are K. , I ,~=  I/bi = 25. K,,,,,v,l= 1 / 3 5  
and the delay is To= lK. wheref, = 1 MHz is the switching 
frequency. The buck coiivener operates in continuous 
conduction mode. The transfer fuction Gds) has a pair of 
poles with the center frequency equal to 35 kHz. 

Thc discrete-time pan of the system is the dig;ital PlD 
regulator. The controller parameters arc found using a 
digital redesign based on the pole-zero iaatching 
transformalion method [9]. 

The number of words in look-up tables is defined by a 
maximum allowed .output voltage variation. In the 
experimental case, for the mvimiim allowed voltage 
variation of 5% around the nominal output voltage, Uie 
A/D converter must operate only over a small rmge (I-/- 
16OmV). Given V, = 1OmV, we need only nine 
quantization levels, and theipfore only nine words in  each 
of rhe lwk-up tables. 

The control law determines the number of bits needed for 
the representation of the look-up table words. The control 
law defined by Equation (?) forms a PID regulator with a 
pole at 0 Hz and two zeroes. A l a c y  numbcr of bits is 
needed to represent zeros ai lower frequencies. This is 
because a low-frequency zero in continuous-time domain 
is transfetxd close to the unit circle in the z-plane. 

In order to reduce the size of the look up tables,'the 
controller zeroesh are placed at hisher frequencies. close 
to the center frequency of the converter control-to-output 
transfer function. This selection also results in a lower 
sensitivity to round off effects in comparison with a 
configuration that would have zeroes at lower frequencies. 

Thc desired loop gain characteristics arc shown in Figurc 
5. Bandwidth of the closed loop system is limited by 
additional phase shift caused by the processing delay. 

In order to keep the phase margin higher than 45 degrees. 
the cross-over frequency is limited to the range between 
50 kHz and 100 kHz. 

Figure 5.  Desired loop p i n  charucmisries. 

The PID regulator is designed starting from a continuous- 
time equi\,alent: 

.~ 

s s i  I+-+- 
Om, * nJ:- 

C(S) = R I ,  
S 

which leads to the following discrete-time control law 
obtained using the pole-mcro matching transformation 
method: 

d[n] = dln - I]+ K l ( ' l n ] - I r c o s ( 2 a ~ ~ < ~ n -  I ] +  
.f, (6)  

+r'<*n-2]) 

In Eqbqtion (6): Kl is the gain of the digital regulator,f, is 
thc center frequency of the pair of zeros and f ,  is thc 
sampling fxqucncy, which in this case is rhe same as the 
switching Frequency of the converter. The relation between 
the factors rand Q is given by 

(7) 

which can also be delixed using the same transformation 
method. Thc factor r is round for the maximum value of 
the Q factor of thc pair of poles in the control-to-output 
transfer fiinction of the convener, which corresponds to the 
light load condition. 
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sign integer fractional I I 

To find the minimum number of bits for the From Equation (Y), it follows that in this case one bit is 
implementation of this PID regulator, let us use the needed to represent the fractional pan of the numbers 
representation for digital numbers sho\*n in Figurc 6. Based on Equations (3) and (IO), eight bits are needed IO 

represent q n ] .  oeln] and U&-?]. while nine bils arc 
A numberr is formed as: necdcd to represent hr[n-l]  and 4n-11. Table I givcs the 

total she  of the regulator blocks for the experimental 
StrUCtUTC. y -2  

;=-%<, 

I -  

(8) r=-(,.vi-l - .h,-,)+ b,?' 

~ ~~ 

Table aelo] 
T;lhlc burn-I 1 
Table ce[a-?] 

d[n-11 

where thc coetkicnts b, can have value 0 or I .  To enable 
effect on the output variable even wheii the values ofthe 
resolution must he high enough to store that minimum 
incremcnt'decrement. Themfore, the minimum number of 
bits needed for the representation of the frictional parts of 
d n - I  j nnd thc enuies in the looh-up tables is: 

Sumber ofwords Word length 
9 8-bit 
9 9-bit 
9 8-bit 
I IO-bit .-, 

whcre: int[] - denotes the upper rounded integer value. 

The control law and the maximum value ofthe error signal 
define the number of bits needed to represent the integer 
part ofthe numbers stored in the diree look-up tables: 

N,~., = int[iogZ(i+2K,.Icln1,, i] 
:v,~:? = int[log, (I  + 4K,r,cos(2;d; / f:,. ).I cinl, I)] (10) 

K,.: =int[10g2il+2K,r? I.L~J,, I] 
Given the error mnge i-e[njmv to e[n] d, thc selected 
number of bits for the representation ofthe integer pan of 
numbers provides for the sign and the integer value. 

Equations (9) and (IO) show that we can use smaller-size 
words Tor systems with a stronger p i n  and with a higher 
ratio of the corner frequency and the switching frrquency. 
The maximum gain is limited by thc phase-inmein 
constraints and by thc other requircnicnts to avoid liniit- 
cyclc oscillations [SI. In the design example. the selected 
pain is K, =12.5. and the discrete-time control law is givcn 
by: 

d[n] = d[n- I ] +  IZS(e[n]-I.88cfn- I]+0.92e[n-2]) ( I  1) 

For thc selected gain. the crossover frequency of 50 kllz is 
obtained for the li&t load condition. 

'Iablc 1 - Rcrouxc.s necdd Tor Imk-up mhlu basscd rcgulator 
implemcnwlian 

IV. EXPERIMENTAL RESULTS 

A. Load hansienf 

Load transient experimental rcsults for the output current 
changc from 0.3 A to 1 A an: sliown in Figurcs 7.n. and 
7.b. 

. . . . . . . . . .  . .  

ligurc 7.a. Load tmnsknl rcspomc. Ch-2 load c h u g  from 0.3 - 
I A: Chi-Oulpul w l u t ~ e  lop (5OOmVidiri. 
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Fi%iur i .b .  Zmincd ac componcni u f h  output voltqe Ch-1 
(iOmVkliv): Ch2-l.ood ~ ~ " 1 7 1 1  

From Figures 7.a. and 7.b. it can be observed that the 
outpul voltage variations during transients arc sniallcr than 
5 %  and ha1 the output volugc setllcs inside the +I-40 m V  
range in less ~han  SOps. 

B. Soft sfwt 

The presented controller configuration has an additional 
advantage that it provides a buih-in soli start. During stan- 
up transient the error signal is limited to its inaxinium 
value and the duty ratio slowly increases from zero touwci 
the steady-state value. Figure 8 shows the output voltage 
during a start-up transienr when the convener is supplied 
Imni an input voltage of 6 V. 

nN 2.SOMys 0 A c m  
R j 

r . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . .  

Fieurc X. Omput vullogc during aim-up "men1 

V. CONCLIJSIMS 

In this paper we dcscrik design and implementation o r a  
digital PID resulator in a controller based on look-up 
tablcs. which results in fast and simple hardware 
realization. Ciuidclincs for selection or the sizc of the 
hardware structurc are given and demonsuared on an 
cxamplc of a digitally contrullcd buck converter operalitig 
at 1 MHz switching frequency. 
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